Introduction
The principal objective of this work is to evalute and publish the data for all the thermodynamic functions of an important mineral, MgO or periclase, with a temperature range of 300 to 2000 K, and with a compression range of V I Vu 1 to V /Vu 0.7 (corresponding to P= 150 GPa).
It is well known that the computations of thermodynamic functions (entropy, for example) require knowledge of the thermal expansivity a and compressibility K as well as the specific heat. The pressure (or volume) and temperature variation of a and K contribute to the pressure (or volume) and temperature variation of the thermodynamic functions. The tabulation of these thermodynamic functions in the extreme ranges of temperature and pressure requires a good understanding of the equation of state, elasticity at very high temperature, anharmonicity of the solid, and the thermal expansivity at high temperature.
Recent experimental progress in the thermal equation of state has clarified the volume and high-temperature corrections to the thermal pressure, P TH and to the isothermal bulk modulus K T (the reciprocal of the compressibility K), for MgO. 1 This progress is represented by the ability to measure elastic constants at high temperatures (in fact as high as 1825 K) using new resonance measurement techniques. 2 ,3 It has become apparent from this recent research that it is best to treat aK T as a single parameter, siu(;e the pruuu(;t varies little with volume or temperature, whereas both a and K T each vary significantly with volume and with temperature. The physical significance of the single parameter aK T is that it is identical to the important function (ap I aT) 
v'
A preliminary publication on a few graphs of the thermodynamic functions as well as the complete derivation of the basic equations have been presented elsewhere. 4 The graphs and tables presented here are a complete set, and are based upon published data. 5 -7 The molecular weight of MgO is taken to be 40.3114, and the conversion between calories and joules is taken to be 4.1855 J/cal.!> We make much use of the conversion between pressure and energy density: 1 GPa = 10 3 J/ml.
The important input thermodynamic data on MgO are given in Table 1 : The adiabatic bulk modulus Ks is taken from the experiments of Sumino et al. 5 with the values at J. Phys. Chern. Ref. Data, Vol. 19, No.1, 1990 4. The isothermal plots of Helmholtz energy, F T , versus X ............................................................. . 5 . The isobaric plots of entropy, Sp, at constant P versus T ............................................................. . 6. The isobaric plots of enthalpy, H p, at constant P versus T ... .......................................................... . 7 . The isothermal plots of enthalpy, H p , at constant Tversus P ................................................. . 8. The isobaric plots of Gibbs energy, G, at constant P versus T ................................................ .. 9. Comparison of entropy at constant P and constant X versus Tand the comparison of Cp and C v versus T ....................................................... . 10 . The volume thermal expansivity ofMg 2 SiO 4 versus T .. ............................................................... .. higher T coming from Isaak et al. 9 ;  the data on the coefficient of thermal expansion a are from Suzuki et al. 6 ;  and the data on' specific heat, Cp are from the "CODATA" thermodynamic tables of Garvin et al. 7 Table 1 gives a, the density p, K s , and C p , all at constant pressure P = 0, and as functions of T up to 2000 K. In this table, we also present the value of the Griineisen parameter, y vs T at constant P = 0 computed from y = aKsl (pCp), and the resultant specific heat versus T at constant V, C v' computed from
CplC v = 1 + ayT. Table 1 constitutes the basic thermodynamic data. From these data we list in Table 2 the following calculated fundamental thermodynamic parameters versus T at P = 0: the isothermal bulk modulus K T where KslKT = 1 + ayT; aK T ; (JKTlaT)p; the computed isochoric temperature derivative of K T' (aK TI aT) v; and the thermal pressure P TH where
Jr.,
The equation relating (aK TI aT) v to input parameters is shown in the Appendix [Eqs. (A4) and (A5) and discussion following Eq. (18)].
Thermodynamic Functions of MgO

Entropy Versus Volume and Temperature
The change of entropy with volume from Vo to V, or X = V I Vo from 1 to V I V o , along an isotherm T * is given by (see Appendix, Sec. 6.1.)
where Po = zero pressure density at T *. The reference volume Vo is taken at P = 0 and T = 300 K. The parameter The specific heat. C v • is calculated from Cp and y according to Eq. (4). is listed in Table 2 . The parameter (aK T ) T* designates the value of aK T at the temperature of the selected isotherm T * and atP= O.
The second term on the right-hand side of Eq. (1), involving W, is small compared to the first, but becomes increasingly important at high compression. In some solids, for example NaCI, W is vanishingly small and can be entirely neglected; but for MgO, w has a mca:;mrable effect on entropy.
Units of aKT/VO = aKy/po are J g-l K-'. Units in Table 1 are Kr in GPa. Po in g/ml. and the exponent of a is 10-6 (typical values: KT = 160 GPa = 1.60 X 10 5 J/ml; a = 31.2X 10-6 K-'; Po = 3.587 g/ml, so aKT/PO = 1.39 J g-I K-' ; multiplying by (40.3114/4.1855) = 9.6312 gives the units of aK T Vo in cal mol-1 K -1. ( 
Standard conditions are taken to be 300 K and P = 1 atmosphere. Thus, To = 300 K. This means that at absolute zero, X = 0.988. The input data on entropy are at constant pressure, called here S p, given by Garvin et al. 7 The entropy of Sx = 1 at 300 K is found by using the tabled value of Spat 300 K and correcting by calculating
Using the published data of C v -C p given by Barron et al.,10 we find the correction, Eq. (5), to be 0.00378 J g-I K-' , so that Sx= 1(300) = 0.6705 J g-I K-' , since Sp(300) = 0.6742 J g-l K-' (see Gavin et al., 7 as listed in Table 3 ).
Using Eqs. (1) and (3), the entropy versus T at constant X ,vas calculated and is listed in Table 3 . Isoehorie plots of Sx vs T are shown in Fig. 1 . The entropy versus X at constant T is listed in Table 4 .
Internal Energy Versus Volume and Temperature
The change of internal energy U with volume, Vo to V, or X from 1 to V / Vo, along an isotherm T * is given by The isothermal bulk modulus. K T • is calculated from KT -Ks/(l + arT). The parameter aK T is calculated from the fields a and K T . The derivative (aKT/aT)p. is calculated from the values in the fields T and KT (at 10 degree intervals). The isochoric bulk modulus (aKTlaT)v is calculated from Eq. (A6). where K T ' -4. 17 and is measured to be independent of temperature. 14 The thermal pressure. P TH • is calculated from P TH -J aKrdT . 
where y = p/ Poo. Poo is the absolute zero density at P = 0, so that for POQ in Eq. (7) we have 3.6312 g/ml. In the integration of Po, there arises a dimensionless expression multiplied by the term KoV oo , which is also Ko/Poo = 166.2/3.6312
GPa g-I ml-I = 4.577X 10 4 J/g. a e viVo 1.00 
We need the value of U( 300, 1), which is obtained, for example, by integrating the values of C p -C v' as tabled by Barron et al., 10 up to 300 K, or by computing the thermal pressure effect on the enthalpy (see Appendix, Sec. 6.4.). We find U(300,X = 1) = 127.3 Jig for MgO.
One further explanation needs to be made for Eq. (7). This equation is in fact valid only at absolute zero. The value of Po for MgO at 0 K is 3.6312, compared with p(300, P = 0) = 3.587. In the calculations of the functions, we use Po = 3.5877 since our standard state is at 300 K. Properties at temperatures below 300 0 correspond to values of X less than unity at P = O(X = 0.988 at T= 0).
Equations (6) and (7) were used to calculate U vs X and T, and the values are listed in Table 5 and plotted in Fig.  2 .
The Helmholz Energy Versus Volume and Temperature
The Helmholz energy is given by
Calculating Fis straightforward. The tabled results of Fvs X at constant Tare given in Table 6 . A plot of Fy vs T for MgO is shown in Fig. 3 , and a plot of F T vs X for MgO is shown in Fig. 4 . Table 7 shows the Helmholtz energy versus Tat constant X.
The miuimuIIl of F( T, V /1"0) lu(;ates the spedlk vulume at T. We see from Fig. 4 that the minimum increases as Tincreases, and this will obey the law dV IV = adT.
Entropy Versus Pressure and Temperature
The values of the constant pressure entropy, Sp vs. Tat P = 0, Sp (T,O) are taken from Garvin et al./ and found in the first column of Table 8 . The values of entropy versus P along the isotherm T * are found to be (see Appendix)
where Po =p(T*,P= 0) and V(T*,P)
V( T *,P = 0) is found by integrating the coefficient of thermal expansivity: 
J7;.
To get V( T * ,P) we must account for the opposite effects of pressure and temperature on the volume. The calculation is made by adding the decrease in ~X due to pressure at absolute zero to the increase in ~X due to Tat P = 0:
~V(T*,P) = ~V(T= O,P) + ~V(T*,P= 0), (14) where, in general, ~V = Vo(X -1).
~ V( O,P) as seen later in Table 13 , is found by using the Birch-Murnaghan equation of state and ~ V( T *,P = 0) is found from the values of p in Table 1 . A listing of values for Sp vs l' and l' as found in Table ~ is plotted in Fig. 5 .
Enthalpy Versus Pressure and Temperature
The enthalpy versus Tat P = 0, H ( T,O), is copied from Garvin et al. 7 and shown as the first column in Table 9 .
The variation of enthalpy versus pressure at constant temperature T* is found to be (see Appendix, Sec. 6.4.) 
where K T at T = ° is found from the volume derivative of Eq. (7). 0  220  650  1330  2350  3830  350  -Ill  -19  210  630  1320  2340  3830  400  -155  -74  160  590  1280  2310  3810  450  -206  -120  120  550  1250  2290  3790  500  -263  -170  70  510  1210  2260  3760  550  -325  -230  20  460  1170  2220  3740  600 - The value of Ky'> used is 166.2 GPa, as discussed in the Sec. An alternative derivation is to use the general formula 2.6. The thermal bulk modulus correction is sufficiently H= U+PV, small compared to K T at absolute zero to be safely ignored.
THERMODYNAMIC FUNCTIONS OF MgO
but U must be made over into a function of P and T (see Using Eqs. ( 15) and ( 16) ( 15) and listed in Table 9 . The isotherms are listed in Table   2 .6. The Gibbs Energy Versus Pressure and 10. The isobars of H vs T are shown in Fig. 6 , and the isotherms of H vs P are shown in Fig. 7 .
Temperature
We use G( T,P) = H( T,P) -TS p ( T,P) (17) Table 9 . Enthalpy vs. T at constant P, H(T ,P) to find values of the Gibbs energy. Listing of G vs T and Pis found in Table 11 . The isobars of G vs T are found in Fig. 8 . T The variation of C p with T at constant pressure (P = 1 atmosphere) and the computed C v at constant volume (X = 1) with T, as well as the variation of entropy, both S p and Sx (P = 1 atmosphere; X = 1), are shown in Fig. 9 . We find C v to be classical with little evidence of anharmonicity in our temperature range. That is, (aC vi aT) p = 0, indicating that in the density of states the frequencies are a function of Vbut not of T at least up to about 2000 K.
H(T,O) H(T,20) H(T,50) H(T,SO) H(T,lOO) H(T,125)
The Strategy of the Calculations
Zero Pressure Data
In general we followed the principle of the method of computing thermodynamic functions outlined by Slater. 12 Laboratory data on a, C p , K s , and (aKslaT) p were each represented by polynomials, and data for each of the quantities was computed at 10 degree temperature intervals from 300 to 2000 K and then stored in a database. Then, r, b T , C v , and aK T were computed at 10 degree temperature intervals and stored, and the following were computed as a function of T and stored at 10 degree intervals: 
Compression Data at Absolute Zero
Using the values of Ky'> = 166.2 GPa, Ky'>' = 4.07, and Po = 3.6312 (all representing estimated values for MgO at absolute zero), the pressure was calculated for X = V I Vo intervals of 0.001, as shown in Table 12 . The inverse calculation, values of X for integral change in P, is shown in Table  13 .
The values of S~Po dX were calculated for insertion into the internal energy [see Eq. (12)], and listed in Table 13 . The function S ~> K T dX was evaluated for each isotherm T *, using Eq. (21) for K T ( V) where the lower limit Vo is the volume where P = 0 at temperature T * for values of P at intervals of 5 GPa, as listed in Table 13 . The values of J~>KT dV. andofJ~>Po dV. for the limits Vo V( T*.P 0) and V = V( T * ,P) were computed and stored for use in the calculations of U and H. Table 12 The pressure ana 1:he runc1:1on fl'<1(V/V o ) vs X Transformations above from the adiabatic to isothermal bulk modulus pressure derivative use the following (see Analysis 9 of the measurements shows that 8 T = 5.48 for MgO, and q = dIn yldln V = 1.5. Thus we find from Eq. (23) that K' T changes from 4.13 at 300 K to 4.17 at 0 K, which is used in Eqs. (7) and (16).
Of importance to the calculation of the thermodynam-IC functions is the parameter w given by Eq. (2); w = (aK TI aT) v' In general this is a small number compared to (aKTlaT) p (see Table 2 ), but for some solids it may be temperature dependent. Its P 0 value is computed from the measurements given by the balance between (aK TI aT) p and aK T (aK TI ap) T' the first term being negative and the second positive. If (aKTlaT) v is zero, makmg Eq. (2) zero, than we know from a thermodynamic identity that (aaKTlaV) T is zero. But in general Eq. (2) is not zero, although it is often a small quantity. Also of importance is the value of the temperature dependence of (aK TI ap) T' or (d 2 K T ldPdT). For MgO, Spetzlerl4 found d 2 K T ldTdP = 0 up to 800 K. We assumed this continued up to 2000 K.
For MgO we find that w is in the range 2-10 MPa/K, or less than 1 % of the value of (aK TI aT) p, and it is negative.
This means that the error arising from w is negligible, even if (aK TI ap) T turns out to be a function of T at high pressure.
The most serious uncertainty in the application of the equations presented in this paper to other solids arises from the uncertainty in the thermal expansivity at high T. The situation on the agreement on a is not bad for MgO, and so uncertainty in a does not affect these results. But the thermal expansivity reports on MK2Si04, for example, illustrate that in general there is a problem in applying these equations to other solids at high temperature.
The data for high-temperature thermal expansivity of Mg 2 Si0 4 are shown in Fig. 10 for these experimentalists: Suzuki et al. 15; White et al. 16 ; and Matsui and Manghnani. 17 As can be seen the extrapolations of these three thermal expansivities lead to quite differing values of a at 2000 K. This would lead to uncertainty in y, aK To and entropy. The most serious problem in evaluating the thermodynamic functions in the high-temperature regime (near 2000 K) is the dearth uf infurmatiun on a in this region. In general, an error of 20% in a at 2000 K, as shown in Fig.lO , would lead to a 70/0 error in entropy at X 0.7 and T = 2000 K, but to virtually no error at X = 1. An error of 20% in a at 2000 K would lead to about I % error in U and H, since these functions are dominated by the integrals of the equation of state, and a affects only the density.
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